Periodontal ligament stem cells (PDLSCs) are characterized by multiple differentiation potential and potent self-renewal ability, yet much remains to be elucidated that what determines these properties. Long noncoding RNAs (lncRNAs) have been suggested to involve in multiple biological process under physiological and pathological conditions, including osteogenic differentiation. In the present study, we performed comprehensive lncRNA profiling by lncRNA microarray analysis and identified prostate cancerassociated ncRNA transcript-1 (lncPCAT1) was gradually increased in PDLSCs during consecutive osteogenic induction, and it could further positively regulate the osteogenic differentiation both in vitro and in vivo, whereas lncPCAT1 inhibition led to suppressed osteogenic differentiation. Thereafter, we inferred a predicted interaction between lncPCAT1 and miR-106a-5p and then confirmed the direct binding sites of miR-106a-5p on lncPCAT1. Although miR-106a-5p upregulation led to decreased osteogenic differentiation, lncPCAT1 overexpression could reverse its suppression, indicating that lncPCAT1 act as a competing endogenous RNA for miR-106a-5p. Moreover, lncPCAT1 could sponge miR-106a-5p to upregulate miR-106a-5p-targeted gene BMP2, which was a crucial gene involved in osteogenic differentiation. Interestingly, we found that E2F5, another target of miR-106a-5p, could bind to the promoter of lncPCAT1 and then form a feed-forward regulatory network targeting BMP2. In conclusion, our study provided a novel lncRNA-miRNA feed-forward regulatory network and a promising target to modulate the osteogenic differentiation of PDLSCs. 
| INTRODUCTION
Chronic periodontitis is among the most common oral diseases, which causes loss of the supporting structure of the teeth including periodontal ligament, alveolar bone, and cementum (Anastasiadou, Jacob, & Slack, 2018; Reich & Hiller, 1993) . Unlike other tissues, when it encounters inflammation, periodontal tissue cannot regenerate even after the alleviation of inflammation, partially due to the loss of differentiation capacity of periodontal ligament stem cells (PDLSCs) within the inflammatory microenvironment (Kamali, Korjan, Eftekhar, Malekzadeh, & Soufi, 2016; Xue et al., 2016) . PDLSCs are derived from the periodontal ligament tissue, possess multiple differentiation potential and potent self-renewal ability. These cells can further differentiate into bone, cartilage tissue and adipose tissue, and so forth (Seo et al., 2004) . However, it has been reported that the capacity of PDLSCs was suppressed under inflammation and hypoxia (J. Zhang, Li, Si, Chen, & Meng, 2014) , and could not be reversed even after remove of the stimulation on account of probable changes of several important signaling pathways (N. Liu et al., 2011) . Some other reports revealed that growth factors, including Wnt family members D. Liao, Li, Dong, & Sun, 2017; Wucheng et al., 2018) and bone morphogenetic proteins (BMPs; Hakki et al., 2014; Hyun, Lee, Kang, & Jang, 2017) , transcription factors including β-catenin Li et al., 2016) , and Runt-related transcription factor 2 (RUNX2; Gao et al., 2013; He et al., 2018; Wei et al., 2017; Q. Zhou, Yang, Li, Liu, & Ge, 2016) , as well as microRNA (W. Liu et al., 2013; Ng et al., 2015; Wei et al., 2017) could affect the osteogenic differentiation of PDLSCs.
Further investigation into the regulation of PDLSCs during osteogenic differentiation might be promising to improve the osteogenic potential of PDLSCs and then regenerated the periodontal tissues.
Noncoding RNAs (ncRNAs) are a group of unique RNAs that have no protein-coding properties but constitute almost 60% of the transcriptional output in human cells (Consortium, 2004; Djebali et al., 2012) , and may involve in multiple cellular process, including cell proliferation, differentiation, and ontogenesis (Fedeli et al., 2016; Givel et al., 2018; Ismael, Altmeyer, & Stahl, 2016) . There is a multitude of ncRNA species, including long noncoding RNAs (lncRNAs), which are longer than 200 nt in length, and microRNAs (miRNAs; Anastasiadou et al., 2018) . Both these two types of ncRNAs have been reported to be involved in osteogenic differentiation under normal and aberrant conditions. For instance, lncRNAs such as TUG1, H19, and MEG3 could promote osteogenesis in several kinds of stem cells (He et al., 2018; J. Liao, Yu, et al., 2017; Zhuang et al., 2015) , whereas inhibition of lncRNA MIR31HG in human adiposederived stem cells may promote osteogenic differentiation . Beyond analyzing their functions in isolation, a regulatory network composed of lncRNA and miRNA exhibits more significant role in regulation of cellular process (Anastasiadou et al., 2018) . miRNAs naturally regulate the expression of messenger RNAs (mRNAs) by directly binding to their 3′-untranslated regions (3′-UTRs), while lncRNAs can then act as a sponge and regulate the abundance of miRNAs through segregating this process (Beermann, Piccoli, Viereck, & Thum, 2016; Lu & Zhao, 2017; Qu et al., 2016) . It has been reported that lncRNA TUG1 could sponge miR-204-5p and then promote osteogenic differentiation through upregulating RUXN2 (C. .
The role of prostate cancer-associated ncRNA transcript-1 (lncPCAT1) has been thoroughly discussed in several kinds of cancers (Bi, Yu, Huang, & Tang, 2017; Shen et al., 2017; Shi et al., 2015) . Recent study has verified its promoting effect in osteogenic differentiation of adipose-derived stem cells via activating the TLR signalling pathway (L. Yu, Qu, et al., 2018) , inspiring us to further explore its role and regulatory mechanisms in osteogenic differentiation of PDLSCs. In the present study, we have found that lncPCAT1 was involved in PDLSCs osteogenesis, and positively regulated the osteogenic differentiation of PDLSCs. During this process, lncPCAT1 sponged miR-106a-5p and formed a mutual regulatory network targeting BMP2 and E2F5. Interestingly, we found E2F5 in turn promoted the transcription of lncPCAT1, forming a feed-forward loop. It is the first report, to our knowledge, that demonstrates the regulation of osteogenic differentiation of PDLSCs by lncPCAT1-miR106a-5p-E2F5 feed-forward loop regulatory network.
| MATERIALS AND METHODS

| Cell cultures
The periodontal ligament stem cells (PDLSCs), human bone-marrow mesenchymal stem cells (HBMSCs), and human umbilical cord-derived mesenchymal stem cells (HUMSCs) were purchased from Salila (Guangzhou, China). The cells were cultured in growth medium (GM) consisting of DMEM (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco) at 37℃ in a humidified atmosphere of 5% CO 2 . For osteogenic induction, the PDLSCs were cultured with osteogenic medium (OM) consisting of growth medium, 100 mmol/L dexamethasone (Sigma-Aldrich; Merck KGaA, Damstadt, Germany), 0.05 mmol/L ascorbate acid (Sigma-Aldrich; Merck KGaA), and 10 mmol/L β-glycerophosphate (Sigma-Aldrich; Merck KGaA). The medium was changed every 2 days. For another differentiation of the PDLSC cells, chondrogenic differentiation medium (Cyagen, Guangzhou, China) or adipogenic differentiation medium (Cyagen) were applied.
| Microarray
Two samples (PDLSCs and osteogenic-induced PDLSCs), each contained 1 × 10 6 cells were prepared, and total RNA was isolated and purified with an RNeasy mini kit (Cat. #74106; Qiagen, Hilden, Germany 
| ALP activity assay
The transfected PDLSCs were cultured with osteogenic induction medium for 7 days in 24-well plates at a density of around 1 × 10 5 cells/well, then the ALP activity was measured by ALP activity kit according to the protocol (Nanjing Jiancheng, Nanjing, China).
| Mineralization assay
The transfected PDLSCs were cultured with osteogenic induction medium for 7 days in 24-well plates at a density of around 1 × 10 5 cells/well, and the mineralization of the PDLSCs was observed via
Alizarin red S (ARS) and alkaline phosphatase (ALP) staining according to the manufacture's protocols (ARS staining kit; Solarbio, Beijing, China; ALP staining kit; Nanjing Jiancheng, China). (1:1,000; Cell Signaling Technology), Smad5 (1:1,000; Cell Signaling Technology), and p-Smad5 (1:1,000; Cell Signaling Technology). The immune complexes were then immunoblotted with an HRP-conjugated anti-mouse or anti-rabbit immunoglobulin-G (IgG) antibody
| Western blot analysis
(1:2,000; CWBio, Beijing, China). Immunodetection was performed using the enhanced chemiluminescence reagents (Fdbio, Hangzhou, China). All experiments were repeated three times.
2.6 | RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis
Total RNA was extracted with TRIzol reagent (Invitrogen, Thermo Fisher Scientific) and converted into cDNA (Invitrogen, Thermo Fisher Scientific).
The miR-106a-5p were reverse-transcribed using a specific RT primer (RiboBio, Guangzhou, China) according to the manufacturer's protocol. 
| Lentiviruses and cell transfection
All the plasmids and lentiviruses were designed and constructed by GeneChem. PDLSCs were cultured at a concentration of 2 × 10 5 cells/ well in six-well plates. After the cells had grown to 30-40% confluence, they were transfected with lentiviruses in the presence of polybrene.
| In vivo transplantation
The NOD/SCID mice around 4-week old purchased from Provincial Animal Center (Guangdong, China) were randomly divided into four 
| RNA immunoprecipitation
RIP assay was performed using an RNA Binding Protein Immunoprecipitation Kit (Millipore) according to the manufacturer's proto-
cols with an anti-Ago2 antibody (1:1,000; Abcam) or normal mouse IgG as a negative control. RT-qPCR was then performed as described above. All experiments were repeated three times.
| Luciferase reporter assay
The putative miR-106a-5p binding sites in lncPCAT1, E2F5, and BMP2, both wild-type and mutant type, were synthesized and cloned downstream of the luciferase gene in pmirGLO luciferase vectors (Genechem). The plasmids, miRNA mimics (miR-NC and miR-106a-5p), miRNA inhibitor (control anti-miRNA, anti-miR-106a-5p) and
Renilla luciferase plasmid (Genechem), used as a normalization control, were cotransfected into cells using Lipofectamine 2000
(Invitrogen). Firefly and Renilla luciferase activities were then measured consecutively by Dual Luciferase Assay 48 hr after transfection. All experiments were repeated three times.
| Chromatin immunoprecipitation (ChIP) assay
ChIP was conducted using EZ-ChIP Kit (Millipore) as previously reported (Fang et al., 2016) . PDLSCs cell chromatin was immunoprecipitated using anti-E2F5 (Abcam) antibody. Anti-IgG (Millipore)
antibody was used as a negative control. sense primer 5′-CTCTAGCTAACTGTGATCAGGCTGG-3′, and antisense primer 5′-CCAGCCTGATCACAGTTAGCTAGAG-3′.
| Statistical analysis
All statistical analyses in this study were performed with SPSS 16.0 software (SPSS Inc., Armonk, NY). Data are presented as the mean ± SD. 3 | RESULTS 3.1 | The expression of lncPCAT1 was significantly altered during osteogenic induction and was correlated with osteogenic differentiation of PDLSCs
To induce osteogenic differentiation, the PDLSCs were treated with osteogenic differentiation medium. High-throughput sequencing was applied to detect lncRNAs after osteogenic differentiation of PDLSCs. A heatmap describing the changes in lncRNAs was shown in Figure 1a .
We confirmed the microarray results using RT-qPCR and found NR_045262 (lncPCAT1) was the most significantly altered lncRNA between the non-induced group and osteogenic-induced group ( Figure   1b ). The expression of lncPCAT1 and three osteogenic genes, including RUNX2, OSX, and ALPL, were then determined in PDLSCs at 0, 3, 7, 14, and 21 days after osteogenic induction, and found to be gradually increasing during the induction. In comparison, the expression of these genes seemed unchanged under growth medium (Figure 1c ). Subsequently, positive correlations between the levels of lncPCAT1 and other three genes were found (Figure 1d ), indicating the potential involvement of lncPCAT1 during osteogenic induction.
| lncPCAT1 promoted osteogenic differentiation of PDLSCs both in vitro and in vivo
To determine the role of lncPCAT1 on the osteogenic differentiation of PDLSCs, we constructed two different lentiviral plasmids for lncPCAT1 knockdown (shPCAT1-1 and shPCAT1-2) and a lncPCAT1-overexpressing lentiviral plasmid (lncPCAT1). The trans- 
| LncPCAT1 acted as a sponge of miR-106a-5p
To determine whether lncPCAT1 acted as a miRNA sponge that competed with mRNA for binding to miRNAs, we used lncRNABase
(www.lncrnadb.org) and NONCODE (www.noncode.org), and found two putative binding sites of miR-106a-5p to lncPCAT1 (Figure 3a) . miR-106a has been reported to be involved in the osteogenic differentiation of cell . Based on this prediction, luciferase reporter constructs carrying lncPCAT1 reporter were generated. The results revealed that the lncPCAT1-wt reporter and lncPCAT1-mut1 reporter were strongly inhibited by miR-106a-5p, whereas lncPCAT1-mut2 reporter was not affected by miR-106a-5p
( Figure 3b,c) , indicating that miR-106a-5p directly bond to lncPCAT1
at the predicted binding site 1. We also confirmed that lncPCAT1
was associated with the RNA-induced silencing complex (RISC) by RNA-binding protein immunoprecipitation assay, indicating the potential relationship between lncPCAT1 and miR-106a-5p
( Figure 3d ). Furthermore, we found a gradual decrease of miR106a-5p in PDLSCs during osteogenic induction (Figure 3e ), a negative correlation between the miR-106a-5p expression and lncPCAT1 expression during the osteogenic induction was confirmed ( Figure 3f ). In addition, miR-106a-5p level was decreased following lncPCAT1 overexpression and lncPCAT1 silence led to increased level of miR-106a-5p in PDLSCs (Figure 3g ).
| LncPCAT1 could negatively regulate miR106a-5p during osteogenic induction
It was previously reported that miR-106a involved in the osteogenic differentiation. Consistent with this finding, miR-106a-5p mimics decreased the RUNX2, OSX, and ALPL mRNA levels and miR-106a-5p inhibitor increased these levels (Figure 4a-d) . As lncPCAT1 could act as a sponge of miR-106a-5p, we subsequently investigated how this interaction affects the osteogenic differentiation. Consistently, miR-106a-5p upregulation could reverse the effect of lncPCAT1 on RUNX2, OSX, and ALPL levels at 7 days after osteogenic induction (Figure 4e-h) . Moreover, the cotransfected PDLSCs was measured using ALP activity assay, ARS staining and ALP staining after osteogenic induction, and the negative regulation between lncPCAT1
and miR-106a-5p was also observed (Figure 4i,j) .
3.5 | BMP2 was a target of lncPCAT1/miR-106a-5p regulatory network during osteogenesis
Analysis of the downstream targets of miR-106a-5p using both TargetScan (http://www.targetscan.org) and microT-CDS (http:// diana.imis.athena-innovation.gr) showed totally 137 common target genes (Figure 5a ), including BMP2, which was previously reported to be involved in osteogenic differentiation (Manochantr et al., 2017) .
Consistent with this report, binding site of miR-106a-5p in BMP2 was confirmed using luciferase reporter assay (Figure 5b-d with miR-106a-5p mimics, whereas they were increased by miR106a-5p inhibitor (Figure 5e ). In parallel, the mRNA expression of BMP2 showed the same tendency ( Figure S2A ). Likewise, the mRNA level of BMP2 gradually increased in PDLSCs during continuous osteogenic induction ( Figure S2B ), and negatively correlated with the level of miR-106a-5p ( Figure S2C ). The positive regulation of lncPCAT1 on BMP2 was also determined ( Figure S2D ,E). Over- What's more, knockdown of BMP2 decreased the osteoid formation in vivo (Figure 5k ).
| E2F5 could also promote osteogenesis under the regulation of lncPCAT1/miR-106a-5p
Among the 137 miR-106a-5p directly-targeted genes mentioned above, E2F5 was the only transcription factor predicted ( Figure 6a ).
Interestingly, E2F5 was predicted to bind to the promoter region of lncPCAT1 using PROMO database (http://alggen.lsi.upc.es/cgi-bin/ promo_v3). The predicted binding sites of E2F5 to miR-106a-5p were first confirmed using luciferase reporter assays (Figure 6a-c) . Under the treatment of miR-106a-5p mimics, both E2F5 protein and mRNA levels were significantly reduced in PDLSCs, whereas they were increased with miR-106a-5p inhibitor (Figures 6d and S3A) . During transfected PDLSCs at 7 days after osteogenic transduction (n = 3). (e-h) lncPCAT1 overexpressed PDLSCs were transfected with miR-106a-5p mimics, and the expressions of RUNX, OSX, and ALPL at 7 days after osteogenic induction were determined by RT-qPCR and Western blot analysis (n = 3). (i, j) Osteogenic differentiation was determined in transfected PDLSCs at 7 days after osteogenic transduction by ALP activity assay, ARS staining and ALP staining. Data represent mean ± SD. *p＜0.05, **p＜0.01. ALPL, ALP: alkaline phosphatase; lncPCAT1: prostate cancer-associated ncRNA transcript-1; miR: microRNA; mRNA: messenger RNA; NC: negative control; OSX: osterix; PDLSCs: periodontal ligament stem cells; RUNX2: Runt-related transcription factor 2 [Color figure can be viewed at wileyonlinelibrary.com] osteogenic induction in PDLSCs, the mRNA level of E2F5 gradually increased, and negatively correlated with the level of miR-106a-5p
( Figure S3B,C) . While lncPCAT1 seemed to positively regulate E2F5 expression in PDLSCs ( Figure S3D ,E). RIP-Ago2 assay also confirmed that lncPCAT1 could also inhibit the binding of E2F5 to RISC (Figure   6e ,f). lncPCAT1 functions as a molecular sponge for miR-106a-5p to facilitate expression of E2F5 were then confirmed ( Figure S3F ,G).
The impacts of E2F5 on osteogenic process were subsequently evaluated. Inhibition of E2F5 led to decreased osteoblast-related genes at protein and mRNA levels (Figures 6g and S3H ). ALP activity assay as well as ARS and ALP staining confirmed the promotion of E2F5 on osteogenesis (Figure 6h,i) . In vivo experiment, H&E and
Masson staining further verified silence E2F5 led to increased osteoid formation (Figure 6j ).
3.7 | E2F5 formed a feed-forward regulatory network together with lncPCAT1/miR-106a-5p
Regulatory feed-forward loops have been reported to involve in many biological process Fang et al., 2016; Szekeres et al., 2014) . Whether E2F5 could function as a regulator of lncPCAT1 remained to be elucidated. Bioinformatics predicted that E2F5 might bind to the promoter of lncPCAT1 MiR-106a is a member of the miR-17 family. It involved in several biological properties of cancer cells such as cell viability, apoptosis and chemoresistance (Pan, Zhuang, Zheng, & Pei, 2016) . With regard to its effect on osteogenic differentiation, it was shown that miR106a was downregulated in mesenchymal stem cells treated with BMP2 (Li et al., 2008) Manochantr and so forth found that miR-106a
was also downregulated during the osteogenic differentiation of mesenchymal stem cells derived from amnion, while anti-miR-106a could promote the osteogenic process (Manochantr et al., 2017) .
Analysis on LncRNABase and NONCODE revealed that PCTA1 could bind to miR-106a-5p, and the binding sites were confirmed by luciferase reporter assay (Figure 3b,c) . Moreover, lncPCAT1 could sponge miR-106a-5p and modulate its effects on osteogenic induction (Figure 4g-j The target genes of miR-106a-5p were further investigated. It has been previously reported that BMP2 is the direct target of miR-106a, and upregulation of miR-106a led to suppression of BMP2 level . BMP2 is an important differentiation-inducing factor that induces the osteogenesis and bone regeneration in PDLSCs (Bais et al., 2009; Oliveira, Martins, Lima, & Gomes, 2017) . The Smad family members can further mediate the osteogenic induction effect of BMPs (Hata et al., 2000; Yoshida et al., 2000) . Following activation of BMP receptor II by BMP2, both Smad1, Smad5 and Smad8 are activated and translocate to the nucleus forming a complex with Smad4, therefore activate the transcription of several genes and regulate the cell differentiation (Urata et al., 2018) .
Moreover, we unraveled for the first time that E2F5 could regulate osteogenesis through targeting the promoter of lncPCAT1. Mammal E2F transcription factors family comprises of 8 genes that together promote cell cycle-related genes and regulate cell proliferation (Attwooll, Lazzerini Denchi, & Helin, 2004; Chen, Tsai, & Leone, 2009; Zhan et al., 2014) . It has been reported that E2F5 could be regulated by several miRNA, including miR-154-5p and miR-98 (Cai, Huo, Wang, Chen, & Yang, 2017; Yao et al., 2013; Zheng et al., 2017) . Consistent with previous report, we confirmed that miR-106a-5p could inhibit the expression of E2F5, while lncPCAT1 could sponge miR-106a-5p to protect E2F5 from that inhibition. Furthermore, E2F5 could bind to the promoter of lncPCAT1 and promote its expression, forming a feed-forward lncPCAT1/miR-106a-5p/E2F5 regulatory network targeting BMP2 and osteogenesis (Figure 8 ). It was the first report to consider the effect of E2F5 on osteogenesis, and it provided a novel regulatory network on osteogenic differentiation. Considering minority of the ncRNAs have been functionally determined, the regulation of biological functions by lncRNA-miRNA interaction networks may be far more important as we previously considered. In our study, we identified the regulation of osteogenic potential of PDLSCs with a feed-forward regulatory network composed of lncPCAT1/miR-106a-5p/E2F5 through regulation of several osteogenic genes, including BMP2, RUNX2, and OSX. Our study exhibited the complicated regulation within ncRNA and provided a promising target to regulate the osteogenic potential of PDLSCs for treatment of periodontitis.
| Significance
LncRNA-miRNA regulatory network has evolved to be a crucial regulatory element in multiple biological events, but its role has not been fully understood in osteogenic differentiation of PDLSCs. We identified that lncPCAT1 was gradually increased during osteogenic differentiation of PDLSCs and further found that lncPCAT1 could positively regulate the differentiation process both in vitro and in vivo.
With bioinformatic prediction and luciferase reporter assay confirmation, we identified that lncPCAT1 sponged miR-106a-5p and then regulated its effect on PDLSCs during osteogenic differentiation.
Moreover, we found for the first time that E2F5 could bind to the promoter of lncPCAT1, and then formed a feed-forward regulatory network targeting BMP2, a crucial gene involved in osteogenic differentiation. Notably, our study inferred a novel lncRNA-miRNA regulatory network on osteogenic differentiation of PDLSCs. Furthermore, we proposed that this regulatory loop could emerge as a potential target to modulate PDLSCs differentiation potential.
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